We discuss possible symmetries of effective theories describing spinless and spin 1 bosons, mainly to concentrate on an intriguing phenomenological possibility: that of a hardly noticeable strong electroweak sector at relatively low energies. Specifically, a model with both vector and axial vector strong interacting bosons may possess a discrete symmetry imposing degeneracy of the two sets of bosons (degenerate BESS model). In such a case its effects at low energies become almost invisible and the model easily passes all low energy precision tests. The reason lies essentially in the fact that the model automatically satisfies decoupling, contrary to models with only vectors. For large mass of the degenerate spin one bosons the model becomes identical at the classical level to the standard model taken in the limit of infinite Higgs mass. For these reasons we have thought it worthwhile to fully develop the model, together with its possible generalizations, and to study the expected phenomenology. For instance, just because of its invisibility at low energy, it is conceivable that degenerate BESS has low mass spin one states and gives quite visible signals at existing or forthcoming accelerators.
Introduction
In a first part of this work we shall give a general discussion of possible properties of low-energy effective theories which describe light pseudoscalar mesons, vector and axial vector mesons, as for instance the bosonic sector of low-energy QCD. Indeed QCD itself may be a testing ground for one particular specification among the low energy effective theories to be discussed. However our main interest here will not be QCD, but rather an alternative possible specification of the low energy theory which may be relevant for an effective description of the phenomenology arising from schemes of strong electroweak breaking.
The bulk of this work will be devoted to the formulation of such a highly symmetric form of low energy effective theory and to the derivation of the very remarkable electroweak phenomenology that it would originate. In a simple model one would think of Goldstone bosons absorbed to give masses to W and Z and, besides, vector and axial vector resonances as the most visible manifestations at low energy of the strong interacting sector.
We shall call G the symmetry group of the theory, spontaneously broken, of which the pseudoscalars are the Goldstone bosons. The vector and axial vector mesons will transform under the unbroken subgroup H of G. In the sense of the method used by CCWZ [1] the vector and axial vector mesons can be treated as matter fields.
It will be a formal expedient to consider the new vector and axial vector fields as gauge bosons of a local symmetry H ′ , which is spontaneously broken. The local symmetry H ′ is usually referred to as hidden symmetry [2] , [3] . The spin-one bosons acquire their mass, in this description, by absorption of the would-be Goldstones related to the spontaneous breaking of H ′ . Indeed the peculiar feature of this approach is the explicit presence of these modes. The symmetry group gets enlarged to G ′ = G ⊗ H ′ , where G is global and H ′ local. The diagonal subgroup of H ⊗ H ′ (H ′ ⊇ H), formally isomorphic to H, is called H D and it is the invariance group of the vacuum.
We shall mainly consider the case G = SU(2) L ⊗ SU(2) R , H ′ = SU(2) L ⊗ SU(2) R and H D = SU(2) V , where H D is the diagonal SU(2) subgroup of G ′ . The group G ′ breaks down spontaneously to H D and gives rise to nine Goldstones. Of these, six are absorbed by the vector and axial vector bosons, which are triplets of SU(2) V . The three Goldstones remaining in the spectrum are massless, at least as long as a part of G is not promoted to a local group. This situation is discussed in [2] for QCD and in [4] in the context of dynamical electroweak symmetry breaking.
The detailed study of the symmetries of the effective theory shows however that in special cases the resulting symmetry can be larger than the one requested by the construction. For particular choices of the parameters, a maximal symmetry [SU(2) ⊗SU(2)] 3 can be realized for the low energy effective lagrangian of the pseudoscalar, vector-, and axial vector-bosons. Two choices are possible. One can be seen as the natural generalization of the vector symmetry of Georgi [5] for the case when axial vector mesons are also included in addition to the vector mesons of the vector-symmetry; this choice has been considered in ref. [6] .
The second choice is the one on which we shall focus here. It may be useful in relation to schemes of strong electroweak breaking. In fact it has the interesting feature of allowing for a low energy strong electroweak resonant sector while satisfying at the same time the severe constraints from low energy experiments, particularly from LEP/SLC. As such it offers possibilities of experimental test even with future or existing machines of relatively low energy. The phenomenological implications will be a substantial part of our discussion below.
The type of realization of the maximal symmetry [SU(2) ⊗ SU(2)]
3 on which we shall focus in this work automatically implies degenerate vector and axial vector mesons which have the property of not coupling to the pseudoscalars. The model, after introducing the gauge couplings of the electroweak vector bosons, will be called degenerate BESS (BESS stands for Breaking Electroweak Symmetry Strongly). We shall study in detail its phenomenology. We stress immediately its main property and what makes it so attractive: in degenerate BESS, also when extended to a larger initial symmetry (for instance SU (8) in place of SU (2)), one generally derives that all deviations in the low energy parameters from their standard model (SM) values are strongly suppressed. This would make it possible that a strong electroweak sector at relatively low energies exists within the precision of electroweak tests, such that it may be accessible with existing accelerators (Tevatron) or with accelerators in construction or projected for the near future. In fact one can show that the lagrangian of degenerate BESS becomes identical to that of the standard model (except for the Higgs sector) for sufficiently large mass of the degenerate vector and axial vector mesons. In other words, different form ordinary BESS [7] , where such a high mass decoupling is not satisfied, the decoupling occurs in degenerate BESS.
The decoupling theorem valid for degenerate BESS requires an accurate study of the contributions of momentum dependent terms to virtual effects of the heavy particles. One can then evaluate such virtual effects for LEP and Tevatron, and subsequently examine what modification of the trilinear gauge couplings may be visible at higher energy e + e − colliders. The discussion requires careful redefinition of the physical constants in terms of the parameters of the effective lagrangian. As well known, in the low energy limits one can parameterize the modifications due to the heavy sector in terms of three independent parameters (∆r W , ∆k, ∆ρ, or equivalently ǫ 1 , ǫ 2 , ǫ 3 ). Radiative corrections have also to be taken into account. The result of this analysis, that we shall present first, shows that in degenerate BESS relatively light resonances are indeed compatible with the electroweak data, as given by LEP and Tevatron.
Besides studying the virtual effects of the heavy resonances we shall also discuss their direct production. To this aim full couplings to fermions and the trilinear couplings among the physical bosons are needed; physical quantities must be carefully identified by renormalizing the occurring expressions and choosing the electric charge, the Z mass, and the Fermi constant as physical inputs. Our phenomenological applications include discussion of the properties of the heavy resonances (masses, partial widths) and studies of their effects at Tevatron, at e + e − colliders, and at hadron colliders. The Tevatron limits on W ′ can be used to limit the parameter space of degenerate BESS. A feature of degenerate BESS, as compared to BESS with only vector resonances, comes from the absence of direct coupling of the new resonances to the longitudinal weak gauge bosons. This implies larger widths into fermion pairs as compared to widths into pairs of weak gauge bosons. Comparison of the limits one can get from CDF to those from LEP shows that CDF is more efficient in limiting low resonance masses while LEP is more efficient for larger masses.
The sensitivity of degenerate BESS at LEP2 and higher energy linear colliders will be discussed by comparing cross-sections and asymmetries in the fermionic pair channels and W W channel between the model and SM. For LEP2 the general conclusion will be that the bounds on the model would not be much stronger that those from LEP. Substantial improvements are expected from a 500 GeV e + e − collider for 20 f b −1 , even without beam polarization. The W W final state does not contribute in an important way to the attainable bounds which come essentially from the fermion channels alone (this is a characteristics of degenerate BESS, as already said). Hadron colliders would be complementary to e + e − colliders and hopefully will allow for direct study of the new resonant states. For instance, a charged resonance with mass of 500 GeV could give at LHC a spectacular signal. Higher masses up to 1.5 T eV would still give significant signals. Degenerate BESS would thus be comparatively much more evident than ordinary BESS, and probably than any other strong electroweak model not sharing its peculiar symmetry properties.
In section 2 we recall briefly the effective lagrangian formalism we employ in describing vector and axial vector resonances. In section 3 we introduce the lagrangian describing our model with extended symmetry of degenerate vector and axial vector resonances. In sections 4, 5, 6 and 7 we consider the low energy limit of the model, integrating out the new vector and axial vector bosons, both considering the leading order and the next-toleading order. Implication for the LEP observables are derived as well as other virtual effects of the heavy particles that may be relevant at low energy. In sections 8, 9 and 10 we consider the possibility of direct production of the heavy resonances, so the predictions of the complete lagrangian of the theory are derived, such as mass formulae and eigenstates of the new particles, fermionic and trilinear couplings. In section 11 the physical quantities of the model are identified with the usual renormalization procedures. In section 12 width formulae of relevance in the study of the model are derived. In sections 13, 14 and 15 we discuss the phenomenological implications of the model at present and future high energy accelerators.
Extended Vector-Axial Symmetry
Let us consider the following group structure:
R and H D = SU(2) V , as already stated in the introduction. The nine Goldstone bosons resulting from the spontaneous breaking of G ′ = G ⊗ H ′ to H D , can be described by three independent SU(2) elements: L, R and M, transforming with respect to G and
with g L,R ∈ G and h L,R ∈ H ′ . Moreover we shall require the invariance under the discrete left-right transformation, denoted by P P :
which ensures that the low energy theory is parity conserving.
If we ignore the transformations of eq. (2.1), the largest possible global symmetry of the low energy theory is given by the requirement of maintaining for the transformed variables L ′ , R ′ and M ′ , the character of SU(2) elements.
The maximal symmetry is given by the group G max = [SU(2) ⊗ SU(2)] 3 , consisting of three independent SU(2) ⊗SU(2) factors, acting on each of the three variables separately.
It happens that, for specific choices of the parameters of the theory, the symmetry G ′ gets enlarged to G max .
The most general G ′ ⊗ P invariant lagrangian is given by [4] 
plus the kinetic terms L kin . The terms I i (i = 1, ...4) are given by:
and
The covariant derivatives are
The kinetic term is
where g ′′ is the gauge coupling constant for the gauge fields L µ and R µ ,
and the same definition holds for F µν (R). In eq. (2.3) v represents a physical scale related to the spontaneous symmetry breaking of the theory, depending on the particular context under investigation.
The quantities V µ i
(i = 0, 1, 2) are invariant under the global symmetry G and covariant under the gauge group H
Using the V µ i one can build six independent quadratic invariants, which reduce to the four I i listed above, when parity conservation is required.
For generic values of the parameters a 1 , a 2 , a 3 , a 4 , the lagrangian L is invariant under
There are however special choices which enhance the symmetry group [6] .
The case of interest for the electroweak sector is provided by the choice: a 4 = 0, a 2 = a 3 . In order to discuss the symmetry properties it is useful to observe that the invariant I 1 can be re-written as follows
and the lagrangian becomes
Each of the three terms in the above expression is invariant under an independent SU(2)⊗ SU(2) group
Moreover, whereas these transformations act globally on the U fields, for the variables L and R, an SU(2) subgroup is local. The overall symmetry is G max = [SU(2) ⊗ SU(2)] 3 , with a part H ′ realized as a gauge symmetry.
The field redefinition from the variables L, R and M to L, R and U has no effect on the physical content of the theory.
The extra symmetry related to the independent transformation over the U field, can also be expressed in terms of the original variable M. Indeed the lagrangian of eq. (2.3), for a 4 = 0, a 2 = a 3 , possesses the additional invariance
with
By expanding the lagrangian in eq. (2.3) in powers of the Goldstone bosons one finds, as the lowest order contribution, the mass terms for the vector and axial vector mesons
where the dots stand for terms at least linear in the Goldstone modes. The mixing between L µ and R µ is vanishing, and the states are degenerate in mass. Therefore, in the following we will not work with vector and axial vector combinations but with the L µ and R µ components. Moreover, as it follows from eq. (2.12), the longitudinal modes of the L µ and R µ fields are entirely provided by the would-be Goldstone bosons in L and R. This means that the pseudoscalar particles remaining as physical states in the low energy spectrum are those associated to U. They in turn can provide the longitudinal components to the W and Z particles, in an effective description of the electroweak breaking sector.
The degenerate BESS model
We now consider the coupling of the model to the electroweak SU(2) L ⊗ U(1) Y gauge fields via the minimal substitution
withg,g ′ the SU(2) L ⊗ U(1) Y gauge coupling constant and τ a the Pauli matrices.
By introducing the canonical kinetic terms for W a µ and Y µ we get
We have used tilded quantities to remember that, due to the effects of the L and R particles, they are not the physical parameters and fields. In the next sections we will derive the relations between the tilded quantities and the physical ones.
It is natural to think about the model we are considering as a perturbation around the SM picture. The SM relations are obtained in the limit g ′′ ≫g,g ′ . Actually, for a very large g ′′ , the kinetic terms for the fields L µ and R µ drop out, and L reduces to the first term in eq. (3.3) . This term reproduces precisely the mass term for the ordinary gauge vector bosons in the SM, provided we identify the combination v 2 a 1 with 1/( √ 2G F ), G F being the Fermi constant. Therefore in the following we will assume [4] 
Finally let us consider the fermions of the SM and denote them by ψ L and ψ R . They couple to L and R via the mixing with the standardW andỸ:
where B(L) is the baryon (lepton) number, and
In addition, we also expect direct couplings to the new vector bosons since they are allowed by the symmetries of L [7] , but, for simplicity, this possibility will not be considered here.
The low energy limit
We want to study the effects of the L and R particles in the low energy limit [8] . This can be done by eliminating the L and R fields with the solution of their equations of motion for M L,R → ∞. In fact in this limit the kinetic terms of the new resonances are negligible. Neglecting electromagnetic corrections the common mass of the resonances is given by
The M → ∞ limit can be taken in two different ways (we consider v fixed to its experimental value): by sending g ′′ → ∞ with a 2 fixed or by fixing g ′′ and sending a 2 → ∞. In the first case the L and R bosons trivially decouple. We will now show that also in the second case we have decoupling due to the extended symmetry [SU(2) ⊗ SU (2)] 3 .
Let us solve the equations of motion for L and R in this limit. We get
where the last equation means that only the third isospin component of R is different from zero. By substituting these equations in the total lagrangian (see eqs. (3.3) and (3.6) for the case of SU (2)) we get
From eq. (4.2) we see that the effective contribution of the L and R particles give additional terms to the kinetic terms of the standardW andỸ. By the following redefinition of the coupling constants
the effective lagrangian becomes identical to the one of the SM (except for the Higgs sector) showing the decoupling of the theory in the limit M → ∞. Let us comment about this fact. If one starts from the most general lagrangian, eq. (2.3), gauged according to eq. (3.1), in the limit M → ∞ the solutions of the equations of motion for L and R are the following
By substituting in the lagrangian
We see that all the corrections to the SM lagrangian depend on the value of the parameter z. In the case we are considering, a 4 = 0, a 2 = a 3 , we have z = 1, so the corrections vanish. Notice that the requirement z = 1 implies only a 4 = 0, so the corrections would be zero also for a 2 = a 3 , but in this case we would not have an enlargement of the symmetry and correspondingly there would be no protection from radiative corrections. The corrections would vanish also for z = −1 but again this case does not correspond to an extra-symmetry.
We note that the decoupling remains also valid in the general case of an extended (3) and one considers also the SU(3) color gauging, a redefinition of the strong gauge coupling constant g s is necessary as well. This happens for instance in the model considered in ref. [9] . In the case of an extended symmetry [SU(8) ⊗ SU(8)]
3 we find
5 The low energy limit, next-to-leading order
Since the degenerate BESS model is indistinguishable from the SM at the leading order in the low energy limit (M → ∞) let us consider the solution of the classical equations of motion for the L and R fields by retaining also terms of the order q 2 /M 2 . As in sect. 4 we will eliminate the L and R fields with the solutions of their equations of motion and we will consider the virtual effects of the heavy particles. We will study the effective theory by considering the limit g ′′ → ∞ with corrections up to order (1/g ′′ ) 2 .
where the equation for R means that only the third isospin component of the field is different from zero. ∆L µ and ∆R µ contain linear terms proportional to the divergences of the fields and ∆L µ contains also bilinear and trilinear terms which do not affect the self-energies and contribute to the anomalous trilinear and quadrilinear couplings.
We will examine the virtual effects of the L and R fields on the observables. In particular, in the next section, we will focus on the physics at LEP and Tevatron, for which the modifications due to the heavy particles affect the self-energies only. After we will discuss the modifications in the trilinear gauge couplings which will be studied at future e + e − colliders.
To discuss the LEP physics we neglect ∆L µ and ∆R µ in the solutions (5.1). By substituting in the lagrangian (3.3) we get for the bilinear part (neglecting again divergences of the vector fields)
, and
Notice thatg,g ′ ,ẽ,s θ ,c θ have the same definitions as in the SM. As stated before, due to the effects of the L and R particles, these are not the physical quantities in our model. In eq. (5.5) we have not used the tilded quantities since these parameters are already of the order of (1/g ′′ ) 2 .
The corrections to L SM are U(1) em invariant and produce a wave-function renormalization ofÃ µ ,Z µ ,W ± µ plus a mixing termÃ µ −Z µ . We will absorb these corrections by a convenient redefinition of the fields. Actually there are only three renormalization transformations of the fieldsÃ µ ,Z µ ,W ± µ without changing the physics. This means that three of the four deviations z γ , z w , z z , z zγ are non physical.
To identify the physical quantities we define new fields in such a way to have canonical kinetic terms and to cancel the mixing termÃ µ −Z µ . They are the following:
Working at the first order in 1/M 2 and in 1/g ′′ 2 , we do not make distinction in the coefficients of these parameters between "tilded" and physical quantities. By substituting in (5.3) we get
From which we obtain the values of the physical masses
The field renormalization affects also all the couplings of the standard gauge bosons to the fermions. By separating the charged and the neutral fermionic sector and substituting eq. (5.6) in L f ermion given in (3.6) we get
with the standard definitions:
and 2 Z operates only on the Z field.
The physical constants as the electric charge, the Fermi constant and the mass of the Z, which are the input parameters for the physics at LEP, must be redefined in terms of the parameters appearing in our effective lagrangian. The physical mass of the Z is given in eq. (5.8). The physical electric charge is defined at zero momentum, then, from eq.
The Fermi constant G F , is defined from the µ-decay process, again at zero momentum. Since the charged current coupling (see eq. (5.9)) is modified by a factor (1
) and the W mass is given in eq. (5.8) we get
where in the second equality we have used eq. (5.5) and
The neutral current couplings to the Z are defined by All these deviations are of order X which contains a double suppression factor M 2 Z /M 2 and (g/g ′′ ) 2 . These are the same results one obtains from the definitions of the ǫ i parameters in terms of the self-energies [11] , [6] . In the M → ∞ limit, the model decouples, as already noticed in sect. 6, and the ǫ i go to zero. The fact that in the degenerate BESS model ǫ 3 = 0 in this limit, follows from the SU(2) L ⊗ SU(2) R custodial symmetry [12] .
The sum of the SM contributions, functions of the top and Higgs masses, and the previous deviations has to be compared with the experimental values for the ǫ parameters, determined from the available LEP data and the M W measurement from Tevatron [13] 
−3 for m top = 180 GeV and m H = 1000 GeV , we find, from the combinations of the previous experimental results, the 90% CL limit in the plane (M, g/g ′′ ) given in Fig. 1 . We see that there is room for relatively light resonances beyond the usual SM spectrum.
Anomalous trilinear gauge couplings
Let us evaluate the anomalous contributions to the trilinear gauge couplings at the order q 2 /M 2 . As previously observed, since ∆R µ in eq. (5.2) does not contain bilinear and trilinear terms, the elimination of the R-field does not give any contribution to the anomalous trilinear and quadrilinear terms. 
where we have used the notation 2 a to denote the action of the D'Alembert operator on the fieldsW a , and we have freely integrated by parts. This result has been independently checked by evaluating directly the trilinearW 3W +W − coupling as coming from the mixing L −W (see Fig. 2 ) and expanding the propagators of the L fields up to the order q 2 /M 2 .
The physical vertices are obviously obtained by substituting toW 3 its expression in terms of the photon and the Z fields and by performing fields and couplings renormalization according to section 5.
Since the physical process which is relevant for studying the trilinear gauge couplings is
because the final W 's are on-shell. Also
because the Z and the photon are coupled to light fermions. Therefore we can neglect all the divergences of the fields in eq. (7.1) and we get
We see that the tensor structure of this correction is the same of the trilinear couplings in the SM.
In the study of the reaction e + e − → W + W − at linear colliders, the structure of the corrections is of the form (A + B/M 2 s), that is we have non trivial form factors [14] . However, notice that the electric charge of the W 's as measured by the coupling with the photon, turns out to be correct, being defined at zero transferred momentum and with the W 's on shell.
Masses and eigenstates of spin-1 bosons
Up to now we have been interested in the virtual effects only. In the following we will consider also the possibility of producing directly the heavy resonances. Therefore we need to keep explicitly the corresponding fields in the formalism.
By writing the quadratic part of L, given in eq. (3.3), in terms of the charged and the neutral fields one finds:
The reason to introduceL andR is to distinguish them from the mass eigenstates.
In the charged sector the fields R ± are unmixed for any value of g ′′ . Their mass is given by:
We will parameterize the model in terms of g ′′ and M.
The mass matrix in the charged sector (W ,L) is
At the order x 2 the eigenvalues are
Let us call C the matrix which transforms the fields appearing in the lagrangian (8.1) into the charged eigenstates. We have
where
The physical particle L ± are a combination ofL ± andW ± , which, for small values of x, and for M → ∞ (r → 0), are mainly oriented along theL ± direction, as it can be seen from the following relations
In the neutral sector there is, as expected, a strictly massless combination which corresponds to the physical photon associated to the unbroken U(1) gauge group. As already discussed in ref. [4] we perform the substitution
The neutral part of the lagrangian (8.1) is then given by
where G = √g 2 +g ′2 . Inspecting this expression, it is natural to define the new linear
We then finally obtain
14)
The mass matrix for the neutral case in the basis (Ŵ 3 ,V 3 ,Â 3 ) is the following
The relation between the hat fields and the mass eigenstates is given by
where 8.19) and
Let us call N the matrix which transforms the fields appearing in the lagrangian (8.1) into the neutral eigenstates
In
where we have used the eqs. (8.9), (8.11), (8.14) and (8.18) . We see that Z, L 3 and R 3 are essentially aligned along the combinations (c θW3 −s θỸ ),L 3 andR 3 respectively. Unlike the charged case, however, the physical state R 3 is not completely decoupled, in fact at the leading order, it possesses a tiny component along theỸ direction. The L 3 state has in turn a small contribution from theW 3 field.
Fermionic couplings
From the charged part of the fermionic lagrangian given in eq. (3.6), by using the relations (8.6), we can read directly the couplings to the fermions
where C ij are the matrix elements of the matrix C defined in eq. (8.6), and
Let us notice that the R ± are not coupled to the fermions. In fact one can easily check that they have no mixing whatsoever and therefore these states will be absolutely stable as ensured by the phase invariance R ± → exp(±iα)R ± .
For the neutral part we get
where e =gs θ cos ψ (9.6) and
with V ij are the matrix element of the matrix V given in eq. (8.18). In the usual limit we get, at the order x 2 ,
Starting from the original trilinear couplings given in eq. (3.4) and using the relations (8.6) and (8.21), we can evaluate all the trilinear couplings among the physical particles of the model. We get
As we noticed in the previous section, there are no mixings of theR ± withW ± andL ± (see eq. (8.1)), as a consequence there are no trilinear couplings involving a single charged R particle. Furthermore it is easy to check that g γW + L − = 0.
Renormalization procedure
To identify the physical quantities in our model we proceed in the same way as in sect. 5. We again choose as input parameters the following physical constants: the electric charge, the mass of the Z and the Fermi constant.
Concerning the Fermi constant there is a general proof in ref. [4] stating that its relation with v 2 is the same of the SM one. Let us summarize the principal steps of the proof. Keeping into account the W ± and L ± exchanges in the µ-decay process, the Fermi constant is given by
where C ij are given in eq. (8.6) and M 2 charged in (8.3). The second equality in the previous equation follows from the relation
where M By using the previous equations we can write the following relation (α = e 2 /4π) c 2 θs
from whichc
From eq. (8.12) and using eq. (11.3) we obtain sin ψ = 2 e g ′′ (11.8) from whichg = ẽ
Let us notice that eq. (11.7), after using (11.9), involves only the angleθ and the measured quantities. Solving this equation inθ we can obtaing with the help of eq. (11.9). In this way all the original parameters of the lagrangian are expressed in terms of the observed quantities. In the numerical work we solve the equation (11.7) by iteration taking advantage of the fact that in the limit g ′′ → ∞ we get back the SM. One can also solve the equation perturbatively in x. It is easy to verify that, at the order x 2 and at the first order in r (see eq. (8.4)), the procedure coincides with the one of sect. 5, and one recovers the equation (5.15). In fact this follows immediately from the expansion of λ 1 (see eqs. (8.19 ) and (8.16)) and cos 2 ψ at the same order
In the neutral sector the couplings of the fermions to the gauge bosons are
where v f and a f are the vector and axial vector couplings given by
with A, B, C, D, E, F given in eq. (9.7). The total width of a vector boson V corresponding to the decay into fermion-antifermion is
where Γ h V includes the contribution of all the allowed quark-antiquark decays. The partial widths are given by
and m f the mass of the fermion.
The other possible decay channel for a neutral vector boson V is the one corresponding to the decay into a W W pair. The partial width is
Concerning the charged resonances, only the L ± decay into fermions (see sect. 9). The leptonic width neglecting the fermionic mass corrections, is
with a L given in eq. (9.2).
The decays into quark pairs are given by
where V′ are the relevant Kobayashi-Maskawa matrix elements. In the case of the bt decay, we have taken into account the correction from the mass of the top
L . The other possible decay channel for L ± is the one corresponding to the decay into a W Z pair. The partial width is
Let us now give the previous formulae for the widths in the g ′′ → ∞ limit (at the order (g/g ′′ ) 2 ) and neglecting the mass corrections. For the fermionic channel we get
and the total fermionic widths are
By reading the relevant trilinear gauge couplings from eq. (10.2), and performing the same limit we have (with r defined in (8.4))
Then, substituting in eqs. (12.6) and (12.10), we get
It may be useful to compare the widths of L µ and R µ into vector boson pairs with those into fermions:
We see that the total fermionic channel is dominant due to the multiplicity.
We conclude this section with some remarks about the decay of the vector mesons L µ and R µ . In the present, effective, description of the electroweak symmetry-breaking, the Goldstone bosons described by the field U given in eq. (2.12) become unphysical scalars eaten up by the ordinary gauge vector bosons W and Z. The absence of couplings among U and the states L and R results in a suppression of the decay rate of these states into W and Z. Consider, for instance, the decay of the new neutral gauge bosons into a W pair. In a model with only vector resonances this decay channel is largely the dominant one. The corresponding width is indeed given by [15] 
and it is enhanced with respect to the partial width into a fermion pair, by a factor
This fact is closely related to the existence of a coupling of order g ′′ among V 0 and the unphysical scalars absorbed by the W boson. Indeed the fictitious width of V 0 into these scalars provides, via the equivalence theorem [16] , a good approximation to the width of V 0 into a pair of longitudinal W and it is precisely given by eq. (12.16).
On the contrary, if there is no direct coupling among the new gauge bosons and the would-be Goldstone bosons which provide the longitudinal degree of freedom to the W , then their partial width into longitudinal W 's will be suppressed compared to the leading behaviour in eq. (12.16) , and the width into a W pair could be similar to the fermionic width. In fact, as we have explicitly checked (see eq. (12.13)) the trilinear couplings between the new gauge bosons and a W pair is no longer of order (g/g ′′ ), but of the order (g/g ′′ ) r. The same argument also holds for the charged case. Table I , for a choice of the parameters of the model (M L + = 1 T eV , g ′′ = 13 and no direct coupling of L + to fermions). The V-model features an enhancement of the W Z channel, common to the usual strong interacting models. The D-model has no such an enhancement.
Numerically, the comparison between the degenerate case (D-model) and the BESS model with only vector resonances (V-model) is shown in
As already noticed, in usual strong interacting models an enhancement of W L W L scattering is expected. Due to the previous considerations, our case is quite different. If we study W L W L scattering the lowest order result violates unitarity at energies above 1.7 T eV , as in the standard model in the formal limit m H → ∞. So we expect our model to be valid only up to energies of this order. 
Degenerate BESS at Tevatron
Data from the Fermilab Tevatron Collider, collected by the CDF collaboration [17] establish limits on the model parameter space. Their search was done through the decay W ′ → eν, assuming standard couplings of the W ′ to the fermions. Their result can be easily translated into a limit for the degenerate BESS model parameter space.
In Fig. 3 these limits are shown in terms of the mass of the R ± resonance (equivalent to M, see eq. (8.2)) and the ratio of coupling constants g/g ′′ . Actually the parameter of the model is x as given in eq. (8.4) . Here, for simplicity of notation, we call it g/g ′′ . The limit from CDF (dotted line) is compared with the result obtained from LEP (continuous line). The excluded region is above the two curves. The figure was obtained using the CDF 95% C.L. limit on the W ′ cross-section times the branching ratio and comparing this limit with the predictions of our model at fixed g/g ′′ , thus giving a limit for the R ± mass. This procedure was then iterated for various values of g/g ′′ . The statistical significance of the plot is that of a 95% C.L. limit in one variable, the mass, at a given value of g/g ′′ .
The limit from CDF is more restrictive for low resonance masses, while LEP limit is more restrictive for higher mass values.
14 Degenerate BESS at e
We have considered the sensitivity of the model at LEP2 and future e + e − linear colliders, for different options of total centre of mass energies and luminosities.
We have analyzed cross-sections and asymmetries for the channel e + e − → f + f − and e + e − → W + W − in the Standard Model and in the degenerate BESS model at tree level. The BESS states relevant for the analysis at e + e − colliders are L 3 and R 3 . The two vector bosons are degenerate in mass in the large g ′′ limit. The L 3 mass is larger than the R 3 mass due to terms of the order (g/g ′′ ) 2 and higher (see eq. (8.16)).
If the masses of the resonances are below and not very far from the collider energy, due to beamstrahlung and synchrotron radiation, in a high energy collider, one expects to see two very close narrow peaks below the maximum c.m. energy even without having to tune the beam energies. However in this paper we do not consider the direct production of R 3 and L 3 from e + e − . If instead the masses are higher than the maximum c.m. energy, they will give rise to indirect effects in the e + e − → f + f − and e + e − → W + W − cross-sections, which we discuss below.
For the purposes of our calculation we have assumed that it will be possible to separate
A similar analysis for the BESS model with only vector resonances was given in ref. [15] .
In the fermion channel our study is based on the following observables:
, A where A F B and A LR are the forward-backward and left-right asymmetries, and σ h(µ) is the total hadronic (µ + µ − ) cross-section.
The total cross-section for the process e + e − → f + f − is given by (at tree level)
where h f,e = ±1 are the helicities of f and e respectively, q f is the electric charge of f , v a = v e a , a a = a e a , with a = Z, L 3 , R 3 , and Γ a are the widths of the neutral gauge bosons. The partial widths of the L 3 and R 3 bosons corresponding to decays into fermionantifermion and W W are given in sect. 12.
The forward-backward asymmetry in the present case is given by
where P is the degree of longitudinal polarization of the electron beam.
The left-right asymmetry is given by
The notations are the same as for the forward-backward asymmetry.
In our study we consider also the W W channel, with one W decaying leptonically and the other hadronically. The reason for choosing this decay channel is to get a clean signal to reconstruct the polarization of the W 's (see for example [18] ). For the e + e − → W W channel the relevant observables are:
The quantity a W is given in (9.2) and
(14.12) 
The left-right asymmetries for longitudinal and/or transverse polarized W can be easily obtained as in eq. (14.10) by substituting F 1 by F 2 in eqs. (14.15) , (14.16) , (14.17) , and dividing by the corresponding differential cross-section. At LEP2 we can add to the previous observables the W mass measurement, coming from the e + e − → W W channel. In Fig. 4 we show a 90% C.L. contour plot in the parameter space of the model. The limits are obtained considering √ s = 175 GeV and an integrated luminosity of 500pb
For M W we assume a total error (statistical and systematic) ∆M W = 50 MeV . For σ h the total error assumed is 2%. For the other observable quantities we assume only statistical errors. If the possibility of having polarized beams at LEP2 is considered, the improvement with respect to the unpolarized case is only marginal. Also, considering the option of LEP2 at √ s = 190 GeV does not substantially alter the result. The comparison with LEP bounds (see Fig. 1) shows that LEP2 will not improve considerably the existing limits. Of course one has to be careful in this comparison, since in the case of LEP we have experimental values, whereas for LEP2 case the limits are obtained by using deviations from the SM results.
To further test the model is necessary to consider higher energy colliders. We study two options for a high energy e + e − collider: As it is evident more stringent bounds come from the cross-section measurements. Asymmetries give less restrictive bounds due to a compensation between the L 3 and R 3 exchange. By combining all the deviations in the previously considered observables we get the limit shown by the continuous line.
Polarized electron beams allow to get further limit in the parameter space as shown in Fig. 6 . We neglect the error on the measurement of the polarization and use a polarization value equal to 0.5. The dashed-dotted line represents the limit from A In Fig. 9 we show a combined picture of the 90% C.L. contours on the plane (M, g/g ′′ ) from e + e − at two values of √ s. The dotted line represents the limit from the combined unpolarized observables at √ s = 500 GeV with an integrated luminosity of 20f b −1 ; the dashed line is the limit from the combined unpolarized observables at √ s = 1000 GeV with an integrated luminosity of 80f b −1 . As expected increasing the energy of the collider and rescaling the integrated luminosity result in stronger bounds on the parameter space.
We have then studied the W W final state, considering the observables given in eq. (14.6). In Fig. 10 we show the plot from the combined W W observables. An angular cut has been imposed on W scattering angle (| cos θ| ≤ 0.95) and 18 angular bins have been considered. We have assumed an overall detection efficiency of 10% including the branching ratio B = 0.29 and a loss of luminosity from beamstrahlung. All these new bounds do not alter the strong limits obtained using the fermion final state. This is because, as we have already noticed, the degenerate model has no strong enhancement of the W W channel, present in the usual strong electroweak models.
Degenerate BESS at hadron colliders
The e + e − colliders give the possibility to explore the neutral sector of symmetry breaking by the production of the neutral vector and axial vector gauge bosons of the model. Hadron colliders are complementary to e + e − machines, in the sense that they also allow to study the new charged vector and axial vector resonances.
The physics of large hadron colliders has been extensively discussed in a number of papers (see for example [21] and references therein); such a machine will be able either to discover the new resonances or to constrain the physical region left unconstrained by previous data.
Let us consider first the case in which no new resonances are discovered. In this case limits can be imposed on the parameter space of the model. As a preliminary analysis we can consider the total cross-section of pp → L ± , W ± → ℓν (ℓ = e, µ), which has a clear signature and a large number of events, to be compared with the standard model production of ℓν. We have calculated the total cross-section pp → L ± , W ± → ℓν and, by comparing with the SM background, we have obtained a contour plot at 90% C.L. in the two variables M and g/g ′′ , shown in Fig. 11 . The applied cuts were |p tµ | > min(M L ± /2 − 50 GeV, 400 GeV ) in order to maximize the deviation of BESS model cross-section with respect to the Standard Model one. In this analysis we do not optimize cuts and an improvement is still possible studying in more detail specific cases. We have assumed a systematical error of 5% in the cross-section and the statistical error obtained considering a luminosity of 10 34 cm −2 s −1 (continuous line) or a luminosity of 10 33 cm −2 s −1 (dashed line) and one year run (10 7 s) at LHC ( √ s = 14 T eV ). The new resonances of the model can be discovered directly for a wide range of values of the parameter space of the model. The discovery limit in the mass of the resonance depends on the value of g/g ′′ . For example if g/g ′′ = 0.1, the resonance is visible over the background at least up to 2 T eV , in the channel pp → µν.
In Figs. 12-14 we show the differential distribution of events at LHC of pp → L ± , W ± → µν in the transverse momentum of the muon for different values of M L ± and g/g ′′ . As stated before we choose this channel due to the clean signature and the large cross-section. The events where simulated using Pythia Montecarlo [22] . A rough simulation of the detector was also performed. The energy of the leptons was smeared according to ∆E E = 15% (15.1) and the error in the 3-momentum determination was assumed of 5%.
In particular in Fig. 12 a spectacular case is presented for a low resonance mass M L ± = 500 GeV and g/g ′′ = 0.15. The total L ± width is Γ L ± = 0.907 GeV , with the corresponding B(L + → µν) = 8.5 × 10 −2 . The following cuts have been applied: |p tµ |, |p t miss | > 150 GeV . The number of signal events per year is approximately 128000, the corresponding background consists of 51500 events.
In Fig. 13 we show a case corresponding to M L ± = 1 T eV , g/g ′′ = 0.075 and Γ L ± = 0.454 GeV . The following cuts have been applied: |p tµ |, |p t miss | > 300 GeV and E miss > 100 GeV . The number of signal events per year is approximately 2800, the corresponding background consists of 4600 events.
In Fig. 14 we show a case corresponding to M L ± = 1.5 T eV , g/g ′′ = 0.1 and Γ L ± = 1 GeV . The following cuts have been applied: |p tµ |, |p t miss | > 400 GeV and E miss > 200 GeV . The number of signal events per year is approximately 850, the corresponding background consists of 1500 events. The statistical significance of the signal is S/ √ B = 22.
Notice that, the reconstruction of resonance mass, requires a careful study of the experimental setup, due to the smallness of the resonance width.
In this preliminary study we did not consider the production and decay of the corresponding neutral resonances of the model.
Conclusions
We have discussed an effective theory describing new vector and axial vector resonances within the scheme of a strong electroweak breaking sector. We have shown that the model has a symmetry which is larger than the one requested by construction. No Higgs particles are required in this effective theory, and moreover the enlarged symmetry guarantees that even with a relatively low energy strong electroweak resonant sector, the severe constraints coming from experimental data, in particular from LEP, are respected.
The new vector and axial vector particles are degenerate in mass (at the leading order) and their virtual effects are suppressed. In the low energy limit (M → ∞ with the gauge coupling of the new resonances fixed) the new particles are decoupled due to the extended symmetry [SU(2) ⊗ SU (2)] 3 and we classically obtain the effective lagrangian of the standard model. If we parameterize the deviations from the SM at low energy in terms of the ǫ parameters, we obtain a deviation from the standard model values only in the next-to-leading order, with a double suppression factor M 2 Z /M 2 and (g/g ′′ ) 2 .
A well known feature of the usual strong interacting models is the relevance of the W W final state. Our model is in this respect different, as the W W final state is on the same footing with the fermionic final state. The reason is that the longitudinal parts of the W 's, related via the equivalence theorem to the absorbed Goldstone bosons, are decoupled from the new resonances. This is due to the absence of coupling between U and L, R (see sect. 2).
For what concerns virtual effects of the new resonances, the model has almost no deviations at low energy with respect to the SM. The situation is completely different if the direct production of the new resonances is considered. This will be possible with the next generation of colliders.
In the case of e + e − colliders, LEP2 will not improve the existing bounds from LEP and Tevatron. A substantial improvement can be obtained from higher energy electronpositron colliders, even without considering polarized beams. The most stringent bounds come from cross-section measurements, while asymmetries are less restrictive due to compensations between the two neutral resonances.
High energy hadron colliders, as LHC, will allow to study also the new charged resonances. If the new particles are not discovered, stringent bounds on the model can be imposed by the study of cross-sections as pp → ℓν, in a way similar to the one in which bounds are searched for at Tevatron. The direct observation of the new resonances is possible in a wide window of the parameter space of the model, up to the T eV range, in some case with a spectacular number of events over the background.
